During acute cardiac ischaemia/reperfusion (I/R), an increased plasma proprotein convertase subtilisin/kexin 9 (PCSK9) level instigates inflammatory and oxidative processes within ventricular myocytes, resulting in cardiac dysfunction. Therefore, PCSK9 inhibitor (PCSK9i) might exert cardioprotection against I/R injury. However, the effects of PCSK9i on the heart during I/R injury have not been investigated. The effects of PCSK9i given at different time-points during I/R injury on left ventricular (LV) function were investigated. Male Wistar rats were subjected to cardiac I/R injury and divided into 3 treatment groups (n = 10/group): pre-ischaemia, during ischaemia and upon onset of reperfusion. The treatment groups received PCSK9i (Pep2-8, 10 μg/kg) intravenously. A control group (n = 10) received saline solution. During the I/R protocol, arrhythmia scores and LV function were determined. Then, the infarct size, mitochondrial function, mitochondrial dynamics and level of apoptosis were determined. PCSK9i given prior to ischaemia exerted cardioprotection through protection of cardiac mitochondrial function, decreased infarct size and improved LV function, compared with control. PCSK9i administered during ischaemia and upon the onset of reperfusion did not provide any of those benefits. PCSK9i administered before ischaemia exerts cardioprotection, as demonstrated by the attenuation of infarct size and cardiac arrhythmia during cardiac I/R injury. The attenuation is associated with improved mitochondrial function and connexin43 phosphorylation, leading to improved LV function. K E Y W O R D S heart, ischaemia, mitochondria, PCSK9 inhibitor, reperfusion injury | 7311 PALEE Et AL.
| INTRODUC TI ON
Cardiovascular disease (CVD) currently represents the highest incidence of mortality worldwide. 1 Hyperlipidemia associated with both genetic pre-disposition and obesity represents a significant risk factor for CVD, and thus, lipid-lowering drugs are an important avenue for disease prevention. Currently, therapeutics used to lower serum lipid levels include statins, ezetimibe and fenofibrates. 2 However, many patients do not reach an adequate reduction in LDL-C. Thus, alternatives such as proprotein convertase subtilisin-kexin type 9 (PCSK9) inhibitors are being sought to derive a new era for cardioprotective medicine. 3 Previous research, both pre-clinical and clinical, has highlighted the success of PCSK9 inhibitors in the reduction in serum LDL-C and atheroprotection. 4 PCSK9 is a 692 amino acid serine protease, expressed predominantly in hepatocytes. 5 Physiological lipid homeostasis involves LDL-C transportation to LDL receptors (LDLR) found on hepatocytes involved in circulatory clearance. PCSK9 can bind to the LDLR and influence receptor degradation, reducing the overall density of LDLR found on the surface of hepatocytes. 6 Consequently, lipid clearance from circulation is limited and the serum lipid concentration is raised.
The inhibition of PCSK9, therefore, acts to attenuate PCSK9-led LDLR degradation, increase lipid clearance and lower serum LDL-C. 7 Since hyperlipidemia has been shown to aggravate myocardial ischaemia-reperfusion (I/R) injury and attenuate the cardioprotective effects of pre-conditioning, a lipid-lowering drug might mitigate I/R injury. 8 Under conditions of hypoxia, such as those associated with acute myocardial infarction (AMI), cardiac tissue is not adequately perfused. Reperfusion of tissue is essential to regain function. However, this in itself can induce significant adverse effects on the myocardium, including induction of mitochondrial stress. 9 Reactive oxygen species (ROS), such as free radicals and oxides, can exert effects on the mitochondrial permeability transition pores (mPTP) leading to mitochondrial stress, demonstrated by mitochondrial depolarization and swelling. 10 This in turn increases cytochrome c release, modifies Bcl-2/Bax dynamics and ultimately results in the induction of caspase 3-mediated cardiomyocyte apoptosis. 11 This is known to increase infarct size during cardiac I/R. 12 It has been shown that infarct size post-I/R is inversely correlated with cardiac function and is associated with poor patient outcome. 13 Moreover, a previous study demonstrated that ROS levels were correlated with PCSK9 expression. 14 Thus, the inhibition of PCSK9 may potentially act to limit mitochondrial stress during I/R injury and ultimately result in improved cardiac function.
Although the cardioprotective effects of PCSK9 inhibitor had been reported in mice, this was done in chronic myocardial infarction model. Moreover, findings from that study 15 had a limitation for its clinical application to acute myocardial infarction cases since PCSK9 inhibitor was given only prior to myocardial ischaemia. In our study, acute administration of PCSK9 inhibitor was done in an acute myocardial ischaemia/reperfusion injury model in rats. To emphasize the importance of our study design, the comparative effects of PCSK9 inhibitor given at different time-points were reported here, which had never been reported previously. Therefore, in this study we sought to investigate the effects of PCSK9 inhibitor administration in the rodent cardiac I/R model on myocardial infarct size, arrhythmias, left ventricular (LV) function and mitochondrial function and dynamics. To investigate these effects, PCSK9 inhibitor was administered at several time periods associated with coronary occlusion (pre-ischaemia, during ischaemia and at the onset of reperfusion).
We hypothesized that PCSK9 inhibitor exerts cardioprotection, as demonstrated by attenuated LV dysfunction during cardiac I/R injury. 
| ME THODS

| Animal preparation
| Surgical preparation of myocardial I/R model in rats
Rats were anesthetized with an intramuscular injection of Zoletil (50 mg/kg) and xylazine (0.15 mg/kg). Rats were mechanically ventilated with room air after a tracheotomy was performed along the ventral midline. Electrocardiogram (ECG) was recorded throughout the experiment. A left side thoracotomy was performed, and the left anterior descending coronary artery (LAD) was ligated using a surgical suture, occluding 2 mm distal to the origin. The LAD was occluded for 30 minutes prior to reperfusion for a further 120 minutes. Blanching of the myocardium and ST elevation on the ECG confirmed cardiac ischaemia.
| Experimental design
Rats were randomly divided into four subgroups to receive different treatments via intravenous injection ( Figure 1A 
| Arrhythmia determination
Power Lab 4/25T (AD Instruments, Inc, CO, USA) was used to record the ECG Lead II with a sampling rate of 100 times/sec. The ECG was recorded via needle electrodes inserted subcutaneously into the positions of lead II ECG. Arrhythmia score and time to the first ventricular tachycardia/ventricular fibrillation (VT/VF) onset were determined. The Lambeth Convention was used to measure the occurrence of arrhythmia, and the arrhythmia score was characterized in accordance with the Curtis and Walker criteria. 16 
| Left ventricular function measurement
A pressure-volume (PV) catheter (Transonic Scisense Incl.) was inserted into the exposed right common carotid artery during I/R and directed into the left ventricle. Left ventricular function parameters such as stroke volume (SV), end-systolic pressure (ESP), end-diastolic pressure (EDP) and maximum + dP/dt were measured using analytical software (Labscribe). 17
| Infarct size measurement
At the end of the study protocol, the rat was decapitated and the heart was rapidly removed. Then, the LAD was occluded again at the same occlusion site used during I/R. The heart was perfused with 1 mL Evan's blue dye via the aorta to determine the LV area at risk (AAR). The heart was frozen at −20°C overnight and then sectioned horizontally from the apex to the occlusion site into 7-9 slices. Then, 2, 3, 5-triphenyltetrazolium chloride (TTC) was added to each slice for 15 minutes, and the area with viable tissues seen in red was measured. The infarct size was determined from the area that was not stained with Evan's blue and TTC. The infarct size and the AAR were determined using the image tool software 
| Isolated cardiac mitochondria studies
At the end of the I/R protocol, the heart was removed, and cardiac mitochondria were isolated from the ischaemic and non-ischaemic areas of the ventricles as described previously. 19 The protein concentration was determined according to a Bicinchoninic Acid (BCA) assay. The isolated cardiac mitochondria were used to determine mitochondrial function including mitochondrial reactive oxygen species (ROS) levels, mitochondrial membrane potential and mitochondrial swelling. Cardiac mitochondrial function was determined as has been described previously. 20 In brief, the mitochondrial ROS level was measured using a dichlorohydro-fluorescein diacetate dye The change in mitochondrial membrane potential was measured using 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide dye (JC-1). JC-1 is a ratiometric dye which is internalized as a monomer dye (green fluorescence, excitation at 485 nm and emission at 530 nm) and is concentrated by respiring mitochondria with a negative inner membrane potential into a J-aggregate dye (red fluorescence, excitation at 485 nm and emission at 590 nm). The intensity of fluorescence was determined using a fluorescent microplate reader. The change in mitochondrial membrane potential was calculated from the ratio of red to green fluorescence. In this study, mitochondrial depolarization is indicated by a decrease in the red/ green fluorescence intensity ratio. 20 The isolated mitochondrial suspension was used to measure the change in the absorbance of the mitochondrial suspension detected at 540 nm by using a microplate reader. Mitochondrial swelling was indicated by a decrease in the absorbance of the mitochondrial suspension. In addition, transmission electron microscopy (TEM) was used to determine the morphology of isolated cardiac mitochondria. 20
| Western blot analysis
Cardiac tissue samples were divided into non-ischaemic (remote) and ischaemic areas and added to lysis buffer. Protein concentration was determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories), the proteins being added to the loading buffer. 19 The proteins were then transferred to nitrocellulose membranes with transfer buffer. 
| Data analysis
The experimental procedures or treatment and data analyses were carried out with randomization and blinding. Data are presented as mean ± SEM. Values are analysed by two-way ANOVA, with post hoc Fisher's test to examine the differences between groups. A P value < .05 was considered statistically significant.
| RE SULTS
| Cardiac I/R injury increased PCSK9 expression but did not alter LDLR expression in the heart
Cardiac I/R injury increased PCSK9 expression in cardiac tissues, compared with the sham-operated group ( Figure 1B) . However, we found that there were no differences in LDLR expression between groups ( Figure 1C ).
| PCSK9 inhibitor decreased cardiac infarct size during I/R
In this study, the AAR in the control group [45 ± 3%] was not different from that in any groups treated with PCSK9 inhibitor (pre-treated group [42 ± 1%], during ischaemia [45 ± 1%] and onset of reperfusion [44 ± 2%]).
However, only the pre-treated group had significantly reduced myocardial infarct size, compared with the control group (Figure 2A ).
| PCSK9 inhibitor treatment was associated with attenuated arrhythmia
The arrhythmia score in the PCSK9 inhibitor pre-treated group was significantly decreased when compared to the control group ( Figure 2B ). However, administration of the PCSK9 inhibitor during ischaemia and at the onset of reperfusion did not reduce the arrhythmia score ( Figure 2B ). Furthermore, the expression of phosphorylated con-nexin43 at serine 368 (pCx43) in cardiomyocyte tissue increased in the pre-treated group, compared with the control group ( Figure 2C ). PCSK9 inhibitor treatment during ischaemia or at the onset of reperfusion had no effect on pCx43 expression, when compared to the control group.
| PCSK9 inhibitor pre-treatment in association with cardiac I/R improved mitochondrial function
When given prophylactically (pre-treated group), PCSK9 inhibitor significantly decreased mitochondrial reactive oxygen species (ROS), compared with the control group ( Figure 3A) . PCSK9 pre-treatment likewise resulted in a significant improvement on other mitochondrial function parameters, including decreased mitochondrial swelling and mitochondrial depolarization ( Figure 3B,C) . However, administration of the PCSK9 inhibitor during ischaemia and at the onset of reperfusion did not show significant improvement in any of the mitochondrial function parameters ( Figure 3A-C) . These observations showed a correlation with the TEM mitochondrial morphology study, demonstrating mitochondrial swelling was reduced in only the pre-treated group when compared to other groups ( Figure 3D ).
| PCSK9 inhibitor pre-treatment reduced apoptosis-associated protein expression
Pre-treatment with the PCSK9 inhibitor significantly decreased Bax expression, compared with the control group ( Figure 4A ). However, PCSK9 inhibitor given during ischaemia and at the onset of reperfusion did not alter Bax expression, compared with the control ( Figure 4A ). In addition, no significant difference in Bcl-2 expression was observed in either of these treatment groups compared with the control group ( Figure 4B ). Our results also showed that the pre-ischaemic administration of PCSK9 inhibitor significantly decreased cleaved-caspase 3 levels when compared to the control group ( Figure 4C ). In terms of cytochrome c, only the PCSK9 inhibitor pre-treatment group had decreased cytochrome c release levels when compared with the control group ( Figure 4D ).
| PCSK9 inhibitor pre-treatment decreased mitochondrial fission
The application of PCSK9 inhibitor and its potential effects on mitochondrial dynamics were investigated in terms of mitochondrial fusion and mitochondrial fission, regulated by mitofusin 2 (Mfn2) protein and dynamin-related protein 1 (Drp1), respectively.
Our results demonstrated a statistically significant decrease in the mitochondrial phosphorylated-Drp1 at serine 616 in only the pre-treated group when compared with the control group ( Figure 5A ). However, no significance in Mfn2 expression was observed between any treatment groups, compared with the control ( Figure 5B ).
| PCSK9 inhibitor pre-treatment improved left ventricular function
To assess cardiac function, the left ventricular pressure-volume loop relationships were measured. Our study demonstrated that only PCSK9 inhibitor pre-treatment helped to improve the PV loop parameters ( Figure 6A Introduction of reperfusion therapy in post-myocardial infarction treatment has increased the number of patients surviving the initial infarct; however, the proportion of patients developing heart failure has increased. 21 This may in part be caused by the significant reperfusion injury sustained as blood flow is restored to the heart. A rapid increase in oxygen increases free radical synthesis in mitochondria to yield ROS, which subsequently cause many downstream cellular physiology effects, and leads to an overall change in cardiac function. Recently, it has been found, using in vitro techniques, that the use of PCSK9 is associated with a decrease in ROS generation. 14, 15 In the present study, the inhibition of PCSK9 could have acted to attenuate mitochondrial damage by causing a decrease in ROS. Furthermore, pre-treatment with the PCSK9 inhibitor was found to provide further mitochondrial protection by leading to reduced mitochondrial swelling and membrane potential depolarization. It is well established that ROS can influence the opening of the mitochondrial permeability pores (mPTP), causing loss of mitochondrial membrane potential depolarization resulting in an influx of water and solutes to increase swelling. 22 Therefore, a decrease in mitochondrial ROS could be responsible for the decreased mitochondrial membrane depolarization and swelling found in the PCSK9 inhibitor pre-treatment group.
In addition to the reduction in mitochondrial ROS, our results also clearly demonstrated that only the PCSK9 inhibitor pre-treatment group had a lower arrhythmia score than the control group.
Since oscillation of the mitochondrial membrane potential can cause fatal cardiac arrhythmia, 23 one possible mechanism could be through its ability to reduce cardiac mitochondrial membrane depolarization caused by I/R injury. In addition, the anti-arrhythmic effects of the PCSK9 inhibitor could be because of its effect on the Cx43. Cx43 is a cardiac gap junction protein, which facilitates cardiomyocyte communication via electrical current flow. 24 Phosphorylation of Cx43 at serine 368 increased the trafficking of Cx43 to the plasma membrane, leading to the generation of a gap junction. 24 In this study, pCx43 was decreased in cardiac I/R, whereas it was increased in the PCSK9 inhibitor pre-treated group.
It is also known that excessive mitochondrial ROS production during the period of I/R results in an impairment of mitochondrial Moreover, excessive mitochondrial fission, concomitant with Bax activation and cytochrome c release, activated caspase and led to cardiomyocyte apoptosis. In the present study, pre-treatment with the PCSK9 inhibitor was found to decrease mitochondrial Drp1 and apoptotic-associated proteins. In addition, a previous study demonstrated that pre-treatment with anti-PCSK9 siRNA inhibited the caspase 9caspase 3 pathway via an increase in Bcl-2 and a decline in Bax. 29 All of these points could explain our finding that pre-treatment with the PCSK9 inhibitor led to significantly decreased Drp1 expression, which resulted in reduced Cyt c, and cleaved-caspase 3 expression. All cardiac I/R injury studies have been mainly focusing on a reduction in infarct size. [30] [31] [32] Our study demonstrated that only pre-treatment with the PCSK9 inhibitor provided cardioprotective effects demonstrated by a markedly reduced infarct size.
The underlying mechanism for the reduction in the infarct size by the PCSK9 inhibitor could be because of its ability to attenuate cardiac mitochondrial dysfunction and mitochondrial fission and decrease the apoptotic process in the ischaemic myocardium. All of these beneficial effects could be responsible for the improved LV function observed in this study as shown in Figure 7 . In addition, the underlying mechanism responsible for the cardioprotection found in the pre-treatment group could be because of the timing of PCSK9 inhibition. It has been shown that the sustained PCSK9 release during cardiac I/R could lead to cardiac deleterious effects by inducing cell death and dysfunction. 15 In addition, previous studies found that PCSK9 inhibitor causes a decrease in the level of oxidative stress by increased Cu, Zn-superoxide dismutase (SOD), catalase and C-reactive protein in patients with coronary artery disease. 33, 34 Therefore, PCSK9 inhibitor given prior to ischaemic period might be a prophylactic approach to prevent cardiac adverse effects after I/R injury as we found in this study. In the present study, PCSK9 inhibitor given after ischaemic period did not provide cardioprotective effects. This could be because of the fact that PCSK9 was already released and bound with its receptors during myocardial ischaemia. Therefore, PCSK9 inhibitor given after myocardial ischaemia could not prevent their binding, thus no benefits as cardioprotection was observed. However, whether the higher concentration of PCSK9 inhibitor given during ischaemia or after reperfusion could provide these benefits is not known. Future studies are needed to investigate whether the beneficial effects of this PCSK9 inhibitor is dose-dependent and whether the protection can be obtained if a higher concentration of PCSK9 inhibitor is used when it is given during ischaemia and/ or at the onset of reperfusion.
In conclusions, the PCSK9 inhibitor given only prior to ischaemia exerts cardioprotection against the injury triggered by I/R. The cardioprotective mechanisms included an increase in connexin43 phosphorylation, improved cardiac mitochondrial function, and a decrease in apoptosis, leading to attenuated cardiac arrhythmia and a reduction in infarct size, ultimately resulting in an improvement in left ventricular function. These findings have highlighted the potential use of this novel PCSK9 inhibitor outside of hyperlipidemia and atheroprotection, thus providing significant impetus for the need for future clinical investigations.
